Infrared (IR) sensing has been a key enabling tecimology in military systems providing advantages in night vision, surveillance, and ever more accurate targeting. Passive hyperspectral imaging, the ability to gather and process infrared spectral information from each pixel of an infrared image, can ultimately provide two-dimensional composition maps of a scene under study. Finding applications such as atmospheric, and geophysical remote sensing, camouflaged target recognition, and defense against chemical weapons.
ThTRODUCTION
Infrared (IR) imagers or focal plane arrays have been key elements in military systems for day/night reconnaissance, surveillance, imaging through smoke and/or camouflage, target recognition and identification, and even identifying and mapping the extent of a release of chemical warfare agents. Most IR cameras are panchromatic, that is they sense radiation over a wide band of the spectrum. For example a thermal imager will integrate all the IR radiation spanning the wavelengths from 7 to 14 urn or 8 to 12 urn, and present it as a grayscale (black and white intensity) image on a video screen.This works great for picking out tanks on the sands of the desert (a low thermal clutter background) but it does not work so well for picking out camouflaged or concealed targets in moderate to high thermal clutter backgrounds.
There has been a lot of recent interest in the potential for exploiting IR spectral information for enhancing target detection performance and reducing false alarm rates.1'2'3'4 Early analysis of measurements of the spectral signatures of military and test targets in desert and vegetated backgrounds showed that it is possible to obtain good target to background spectral contrast even when the panchromatic (broadband) contrast is low.3'4 This is because the background correlation exceeds 0.999 for many conditions and it is therefore possible to mathematically filter out the background from the image.
The key to accurate target detection will be the choice of spectral bands. Previous analysis has shown that the optimal bands tend to fall in the 8.5 -10.5 m range.'
One approach to capture this spectral information is to use a filter wheel and individual bandpass filters in front of an LWIR camera. This approach is already available from a commercial supplier but its implementation is expensive and inflexible. 5 The passbands are fixed and space limits the number of filters to 5 or 6 at most. What's more, the rotation mechanism for the filter wheel can be a source of failure in deployed systems.
Another approach is to use multiple spectral (bandpass) filters integrated right onto the focal plane array in order to simultaneously collect multiple images of the same scene. 6 An example of this technique is a color television camera. The TV camera has three narrow band filters: red, green and blue, in front of three detector arrays. Each array/filter combination looks through the same lens, simultaneously. The collected imagery is then presented as color images on the television screen. Each filtered image is represented by a different colored phosphor and overlapped. While this is a high yield process for silicon CCD array video cameras made by the millions each year, no one has demonstrated it more than once or twice for LWIR imagers.
We chose instead to use a widely tunable, narrow-bandpass filter in front of an LWIR camera. The filter is designed to be tunable over 1 .5 -2 microns at 8.5-10 tm wavelength. The filter is based on the principle of the Fabry-Perot etalon (figure 1) in which two closely spaced, parallel mirrors will only transmit a narrow band of wavelengths when there is a constructive interference condition. That is, when the optical path difference between successive bounces is equal to some integral number of wavelengths. Put another way, bright fringes occur whenever the distance light travels between the mirrors is some integral number of half wavelengths:
where X is the incident wavelength, d is the separation between the mirrors, and m is an integer: 0, 1,
(1) that we can get a relatively large tuning range &/x -0.1-0.2 since the difference between ordinary, n0, and extraordinary, n, indexes can be as high as lO%-20%, (2) there are no moving parts, making this an inherently rugged and reliable device that is unlikely to fail or require re-calibration in the field, and (3) tuning the device requires little power; the etalon works by applying an electric field (voltage) but draws no current.
The index of refraction of the liquid crystal varies with applied voltage because the molecules of the LC become polarized and tend to line up with the resultant electric field. Figure 2 illustrates how the molecules of the liquid crystal rotate (tilt) in response to the applied electric field, thus changing the apparent index of refraction. However, this change will only affect light linearly polarized in the direction of the extraordinary axis. Light polarized parallel to the ordinary axis will not see any change in response to the applied electric field. It will therefore be necessary to include a linear polarizer into any hyperspectral imaging system in order to select the polarization parallel to the extraordinary axis of the liquid crystal. The result is a change in index ofrefraction. Note the polarization dependence. 
FABRY-PEROT ETALON TRANSMISSION MODEL
where A is the mirror absorbance, R is the mirror reflectance, n(V) is the liquid crystal index of refraction and is a ftinction of applied voltage, d is the mirror spacing or liquid crystal thickness, 2 is the free space wavelength ofthe incident light, Z) is the phase shift upon reflection at the mirrors, and 8 is the incident angle of rays entering the etalon. From this expression, it is clear that the transmittance reaches a maximum whenever
for m = 0, 1, 2, . . . The equation described by (2) is an Airy function and is shown in figure 3 . Here the plate separation d is set at 1 1 .25 im, the mirror reflectance R varies from 0.2 to 0.9, the index n of the liquid crystal is set at1 .72, the angle of incidence is O, and the phase shift Supon reflection from the dielectric mirrors is t. The separation between orders is called the "free spectral range" and is given by 11(2 n ci). If we change the plate separation d or the index of refraction n, then the wavelength of each peak will also shift. Specifically, if we adjust the index of the LC from n at zero applied bias to (a lower) n0 at some maximum applied voltage, then the peaks in figure 3 will shift to shorter wavelengths.
The model in equation (2) was used to calculate the transmission versus wavelength of the LCE. From our LC supplier, we obtained index values of 1.572 for n0 and 1.857 for n, respectively. Figure 4 illustrates the shift in peak transmittance 106 14 wavelength we should therefore expect in response to an applied voltage. Here we can see the tuning range is predicted to be 1.6 jm over the range 8.9 to 10.5 rim.
Figure 4
Transmission curves for LCE with an 1 125am layer thickness. The transmission peak is at 10.47 am when the index is at 1.857, as the index is increased by applying a voltage to the etalon, the transmission peak will move to shorter wavelengths, thru 9. 7 ,um at the mid value, to 8.87 at the minimum index of 1.572. The maximum transmission is 80%, but this isfor linearly polarized lightparallel to the liquid crystal's slow axis, and does not include scattering. For randomly polarized light we expect better then 30% peak transmission, after accounting for the polarization state loss and scattering. The bandpass is roughly 0. 10 pm at Full Width HalfMax (FWHM). Note that another transmission order is shown in the curvefor the 1.857 index. This (fIfth) order is peaked at 8.37 pm, or onefree spectral range (roughly 2. 1 pm) away.
LCE/CAMERA SYSTEM MODELS
We also examined how the liquid crystal etalon can be expected to perform when combined with a LWIR camera to form a hyperspectral imaging system. A critical element in the functioning of the tunable filter in such a system is the angle of incidence, 8 , that light travels through the etalon (figure 1). Depending on placement of the etalon in the system, the ray angle could have two important limiting characteristics for the hyperspectral imaging system: either a broadening of the spectral bandpass, or a shift in bandpass with image location.
When the LCE is placed in front of the lens of the JR camera (figure 5), different ray angles correspond to different image locations or pixels on the array. From the etalon model (eq. 2) it is shown that transmission is a function of angle; as the angle of incidence deviates from normal, the optical path length within the etalon increases. This increase causes a wavelength shift in the transmission peak. In practice, the range of incidence angles that are present is limited only by whatever field stop (field of view) is in the system. This results in a shifting in the transmission bandpass across the image plane ( figure 6 ). This results in the characteristic ring pattern in the etalon image. In our system design, the etalon is gapped so it uses only the central ring, and the models indicate a bandpass shift towards the edge of the image. We intend to correct for this spectral discrepancy with a calibration table and image processing software.
When the LCE is placed between the lens and the array (figure 7), the ray angles are determined by the F-cone. Each pixel will be exposed to multiple rays that have traversed the LCE at different angles. Therefore each ray will see a different bandpass through the LCE, resulting in a broadening of the bandpass ( figure 8 ). The degree of spectral broadening is dependent on the maximum angle of the F-cone. % offield from center of image plane Figure 6 illustration of the wavelength shfl caused by placement of the LCE between the camera lens and the object.
With a wide field of view system this can result in a spectral shift as much as 2.5%.
DETECTOR Figure 7 Diagram of a cooled camera assembly that incorporates the LCE between the camera lens and the cold shield of the focal plane array. This location reduces veiling glare from the warm camera reflected off the back of the LCE, however it causes spectral broadening due to the cone of rays traversing the LCE arriving at each pixel. Figure 8 Effect of increasing the f-number (reducing the angles of incidence on the LCE). The transmission peak becomes broader and contrast is reduced. Both graphs have been calculatedfor a 10 pm center wavelength.
There are also secondary effects due to the passing of light through the liquid crystal at angles other than normal. The index of refraction of the liquid crystal varies with applied voltage because the liquid crystal consists of elongated molecules which line up (or tilt) according to the local electric field. However, this only affects one polarization axis, but does not affect the other. This is why a linear polarizer is an integral part of the LCE filter. Only light polarized parallel to the axis of the liquid crystal is affected by changing the voltage. Light polarized perpendicular sees the same index of refraction regardless of applied voltage. The wavelength for perpendicularly polarized light is therefore unaffected by applied voltage.
Combining therefore this angular (or FOV) dependence of transmission wavelength with the polarization effect of the liquid crystal molecule, we see that as we move from center to edge of the focal plane array, the degree of wavelength shift will depend on whether we are moving parallel to the axis of the molecules (e.g. north-south) or perpendicular to axis of the molecules (e.g. east-west). That is, the distortion of the image is slightly different top-to-bottom than it is left to right as shown in figure 9.
FIELD FLATNESS Figure 9 LCE transmitted wavelength across the image plane for several fixed values of LC index of refraction. The étalon bandpass shfls for off-axis pixels. However the degree of the shift depends on whether we move offaxis parallel to or perpendicular to the alignment direction of the liquid crystal. This can be measured and corrected in an image processing operation to yield unform spectral channels in the hyperspectral image. Figure 10 shows the structure of the filter. The ZnSe substrates were first coated with a transparent conducting layer followed by a thin (<10 tm) dielectric stack mirror with >90% reflectivity over the range 8-11 tm. Then an anti-reflection coating was placed on the etalon's external surfaces to reduce the typical 17% Fresnel loss for ZnSe to less than 5%. The last preparatory step for the etalon plates was to coat the internal surfaces with a polymer alignement layer and to brush the layer to align the liquid crystal. The mirrors we used on this system are made from layers of dielectric thin film, so there is a variation as a function of wavelength for phase shift upon reflection and for reflectance, as shown in figure 1 1 . The phase shift and reflectance for the dielectric mirrors were calculated using TF-CALC software. The results of these calculations were incorporated into the transmission model. Fortuitously, the variable shift in phase has effectively widened the tuning range for the LCE (from 1.67 tm to just over 2 nm), so depending on the order selected, we can cover the entire 8.5-10.5 tm range.
Once the etalon mirrors were prepared, they were aligned and the gap set using spacers designed especially for this purpose (a standard liquid crystal assembly technique). However, these spacers are only available in 0.25 .tm increments, thus limiting the exact mirror spacing or liquid crystal layer thickness. Finally, the etalon was filled with the liquid crystal and sealed. Wires were then attached to the conducting layers and the entire asemb1 placed in an aluminum housing. This prototype tunable filter is shown in figure 12 along with the control box. Although we supply a 0-15 V dc bias to tile control box to vary the index, tile electric field that the liquid crystal actually experiences is an ac square wave operating in tile kflz range and with peak-to-peak voltage about 3 times tile supplied dc bias. This is an effective techniques for eliminating fatigue and memory effects for the orientation of the molecules inside the etalon.
As part of tile development effort, a test piece or assembly consisting of two ZnSe windows with an 8.5 im liquid crystal layer sandwiched between them (no dielectric stack mirror, no anti-reflection coating) was also prepared for later testing and analysis. 
EXPERIMENTAL RESULTS
We measured the transmission of the uncoated ZnSe window and the ZnSe/LC/ZnSe sandwich (figure 13). The 7O% transmittance of the uncoated window is expected due to Fresnel losses for a transparent material of index 2.4 in air and illustrates the importance of adding anti-reflection coatings for the air/ZnSe interface to the design.
When we measured the liquid crystal, we noted several strong absorption lines located just outside our target operating range of 8.5-10.5 im along with one or two much weaker ones inside this range. We also noted a generalized 5-10% decrease in broadband (8-12 tim) transmittance. This is probably due to additional Fresnel losses at the interface between the liquid crystal and the ZnSe.
'I The LCE transmission was measured on a MIDAC Fourier transform infrared spectrometer without any applied voltage. The LCE was fitted with a linear polarizing grid, and the transmission curves from the MIDAC used to determine the proper alignment of the polarizer to the etalon. Without the polarizer, the etalon has dual transmission peaks, one for the ordinary and one for the extraordinary index (figure 14). To eliminate the ordinary peak, the wire grid polarizer is used. The ratio of the wavelengths at the transmission peaks for the two polarizations (?e/Xo) S equivalent to the ne/no ratio. In this case, the ratio is 0.9, not 0.84 as predicted by the expected indices. There are two compounding factors; either n and n0 are not as advertised in the manufacturer's literature, or the phase shift upon reflection is different than predicted by the TF-CALC model. Figure 14 also shows the edges ofthe dielectric mirror reflectance at about 7.6 sm and 12.5 sm. We also see that two nearby orders exhibit etalon transmission peaks one near 8.5 sm and another near 1 1 .2 .tm.
We then measured the LCE transmission curves as a function of applied voltage (figure 1 5) . As the voltage is increased on the etalon, the extraordinary peak moves to over lap the ordinary peak. The bandpass peak tunes from 9.35 urn to 8.55 urn.
However there is a variation in peak transmittance over this shift. This is seen more clearly in figure 1 6, which was taken with smaller voltage steps. Here we see an absorbance peak around 8.9 .tm which corresponds to the weak absorbance peak at 8.93 .tm in figure 13 . There also appears to be an absorbance peak on the short wavelength edge of the 30-50V curves near 8.5 rim. This also corresponds to an LC absorption peak at 8.47 .trn seen in figure 13.
We plot the peak transmission wavelength for both the order at 8.55-9.3 5 sm and the order at 11.2-12.5 .tm in figure 17 . We can see that over the range of 5-16 V, the peak wavelength varies linearly with applied voltage. 
DISCUSSION & CONCLUSIONS
The tunable liquid crystal etalon exhibited many of the characteristics predicted in our model, including a bandpass of 0.15 pm , transmsiion in the 8 to 10 urn range, and sensitivity to polarization. Additionally, tuning was demonstrated over the 8.5 to 9.4 sm range. However total transmision was lower then expected by a factor of 3, and anornoulous absorption spikes were detected in the transmission.
Our model indicate that the peak transmission ought to be near 80% for the polarization parallel to the extraordinary axis of the liquid crystal. That corresponds to 3 5-40% for unpolarized light. We believe that our measured peak transmission of 7-14%, depending upon applied voltage, may be due to absorption in the dielectric minors, the conducting layer, and the liquid crystal itself. Another possible loss mechanism is scattering in the liquid crystal. That the tuning range is only 0.9 tm instead of the 2 .tm predicted by our model suggests that the index of refraction difference between ne d n0 at these wavelengths is not as large as predicted by the manufacturer. If we accept that the etalon mirrors are exactly 8.5 sm apart as designed, then the measured transmission spectra of figures 14-16 indicate that the ordinary index n0 must be 1 .55 and the extraordinary index n must be 1.67.
Follow on work will include thoroughly characterizing all the loss mechanisms in the LCE. Performing high resolution spectral measurements of the conducting layer absorption, alignment layer abosrption, substrate transmission and the liquid crystal absorption. Additionally, measurements of the ordinary and extraordinary index of the LC in our bands of interest, and the mirror spectral phase shift are required. Once these components are characterized the best operating parameters can be selected and the etalon redesigned and rebuilt to maximize tunability and transmission. 
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